
Chapter 1 Composition of Accelerator Radiation Fields 

In this chapter, terminology, physical and radiological quantities, and units of 
measurement used to describe the properties of accelerator radiation fields are reviewed. 
The general considerations of primary radiation fields pertinent to particle accelerators are 
discussed both qualitatively and quantitatively. 

I. Review of Units, Terminology, Physical Constants, and Material Properties 

Radiological Units 

We must begin our discussion by introducing some units of measure and terminology 
commonly used in accelerator radiation protection. 

energy: The unit of energy in common use when dealing with energetic particles is the 
electron volt (eV) 1 eV= 1.602 x lo-l2 ergs or 1.602 x lo-l9 Joule. Multiples in 
common use at accelerators are the keV (103 eV), MeV (106 eV), GeV( 109 eV), 
and TeV (1012 eV). 

absorbed dose: The energy absorbed per unit mass of material. It is usually denoted by 
the symbol D. The customary unit of absorbed dose is the rad while the Syst2me 
Zntemationale (SI) unit of absorbed dose is the Gray: 

1 rad = 100 ergs/gram = 6.24 x 1013 eV/gm 
1 Gray (Gy) = 1 J/kg = 100 rads = 6.24 x 1015 eV/gm. 

dose equivalent: This quantity has the same dimensions as absorbed dose. It is used to 
take into account the fact that different particle types have biological effects which 
are enhanced, per given absorbed dose, over those due to 200 keV photons (a 
“standard” reference particle). It is usually denoted by the symbol H. The 
customary unit is the rem while the SI unit is the Sievert (Sv). 

quality factor: This factor takes into account the relative enhancement in biological 
effects of various types of ionizing radiation. It is usually denoted by Q, and is 
used to obtain H from D through the following equation: 

H =QD. (1.1) 

Q is dependent on both particle type and energy and, thus, for any radiation field 
its value is an average over all components. It is defined to be equal to unity for 
200 keV photons. Q ranges from unity for photons electrons, and high energy 
muons to a value as large as 20 for a-particles (4He nuclei) of a few MeV in 
energy. For neutrons, Q ranges from 2 to greater than 10, although recent 
guidance by the International Council on Radiation Protection (ICRP) has 
recommended increased values of Q for neutrons (IC91). The latter guidance has 
yet to be adopted by United States regulatory authorities. 
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Q is presently defined to be a function of linear energy transfer (LET), L, 
which, crudely, is equivalent to stopping power, or rate of energy loss for 
charged particles and is conventionally expressed in units of keV/micron. All 
ionizing radiation ultimately manifests itself through charged particles so that 
LET is a “universal” measure of localized radiation damage. 

The value of Q commonly used is an average over the spectrum of LET present: 

(Q) 
I = 
; QWWW 

I ;D(L)dL l 

(1.2) 

Thus, H (rem) = Q D (rads) or H (Sv) = QD (Gy). Figures 1.1, 1.2, and 1.3 give 
the relationships between Q and LET and Q as a function of particle energy for a 
variety of particles. 

flux density-The number of particles that traverse a unit area in unit time, generally 
denoted by the symbol #, 

+d2n 
dAdt (1.3) 

where d&z is the differential number of particles traversing surface area element 
&I during time dt. For radiation fields where the constituent particles move in a 
multitude of directions, $ is determined from the number of transversals of a 
sphere of revolution of a small element of circular area CIA. The units of flux 
density are cm-%-l (customary) and m-%-l (SI). 

fluence, denoted by CD, is simply the time integral over some time intervalof the flux 
density, 

0 = s1:’ ww * (1.4) 

The units of fluence are, of course, inverse area. The reader is cautioned that 
other units of time such as hours, minutes, days, years, etc. are commonly seen in 
the literature. 

dose equivalent per unit fluence conversion factors - Such factors have been derived 
theoretically and supported in a limited way by measurements. They include 
effects due to the finite thicknesses of the material of reference (usually “tissue”) 
and include secondary effects. Figures 1.4 and 1.5 are adapted from the 
tabulations of Schopper et al. (Sc90). 
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For a radiation field containing a mixture of II different components (e.g., different 
particle types), one determines the dose equivalent, H, from: 

fj=iJp q(E)Qi(E)dE 
i=l min (1.5) 

where @i(E) is the fluence of particles of type i with energy between E and dE 
and Pi(E) is the dose equivalent per unit fluence in appropriate units. 

The cross section is an extremely important physical concept in describing particle 
interactions. The cross section represents the “size” of the atom or nucleus for 
some particular interaction. Consider a beam of particles of fluence Q, 
(particleskm2) incident on a thin slab of absorber of thickness kc. The absorbing 
medium contains N atoms/cm 3. The number of incident particles which interact 
and are “lost” from the original fluence, -d$, is given by: 

-dQ, = c~N@dx (1.6) 

where ais the cross section (cm2). But, N = PNA/A, where p is the density 
(gkmj), NA is Avogadro’s number (6.02 X 1023 mol-1) and A is the atomic 
weight. Cross sections are often given in units of barns where 1 barn = lo-24 
cm2. If only one physical process is present with no others are operative and if 
one starts with an initial fluence aa, this integrates, after some distance x (cm), to: 

(1.7) 

The linear absorption coeffkient, p, and its reciprocal, the attenuation length, A, 
are given by: 

p = No (cm-‘) A= ZhVa (cm). (1.8) 

Sometimes the mass attenuation length, &,,=@Vo(g/cm2), is used where p is the 
density in g/cm 3. Unfortunately, in the literature, h is often used for IL,,, so that 
one has to take care to understand the context to be sure to use the correct units. 
For high energy particles subject to the strong, or nuclear interaction, 1 is 
commonly called the interaction length. 

Phvsical Constants and Atomic and Nuclear Properties 

Tables 1.1 and 1.2 give physical constants and atomic and nuclear properties as tabulated 
by the Particle Data Group (PDG96). A number of these constants and properties will be 
used throughout the rest of this text and in the solutions of the problems. 
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Quality Factor, Q, of charged particles as a function of collision stopping power (LET) in 
water as recommended by ICRP Reports 21 (IC73) and 60 (IC91). 

T 

.:. 

- A) Electrons 
-- B) Muons 
- - C) Pions 

-----D) Kaons 
.I... E) Protons 
- - F) Deuterons 

---- G) 3H+ 

*- W 3f+” 

--m 0 4He” 

loo 10’ lo2 
Kinetic Energy (MeV) 

Fig. 1.2 Quality factors of charged particles as a function of energy, as recommended by the ICRP. 
[Adapted from (Pa73) and (IC73)]. 
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Fig. 1.3 Effective quality factor, Q, for neutrons as a function of neutron kinetic energy: the maximum 
dose equivalent divided by the absorbed dose where the maximum dose equivalent occurs 
(IC73) in human tissue. [Adapted from (Pa73).] 
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Dose equivalent per unit fluence for various charged particles, P, as a function of energy. 
curve for muons is valid for both negative and positively-charged muons. [Adapted from 
(Sc90).] 
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Dose equivalent per unit fluence for photons and neutrons, P, as a function of energy. 
[Adapted from (Sc90).] 
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Table 1.1 Physical constants [Adapted from (PDG96)] 

Quantity 

1 sneed of light 
1 Planck constant 

Planck constant, reduced 

Symbol, Valuea 
Equation 

c 2.99792458 x lo* m s-l 
h 
A=hh 

6.6260755(40) x 1O-34 J s 
1.05457266(63) x 1O-34 J s 
= 6.5821220(20) x 1O-22 MeV s 

1 electron charge 
useful constant 
useful constant 
electron mass 

proton mass 

md 

(mass 12C 
atom)/ 12 

= (1 i?:)mA 

Eo 

PO 
r&n IL = l/c21 

a=e2/47rEoAC 
i-,=e2/4x&fl,c2 

938.2723 l(28) MeV/c’ 
= 1.6726231(10) x 1O-27 kg 
= 1.007276470( 12) u 
= 1836.152701(37) m, 

1875.61339(57) MeV/c’ 
93 1.49432(28) MeV/c2 

=1.6605402(10)x 1O-27 kg 

8.854187817 x lo-l2 F m-l 

4~ x 1O-7 N A-2 

l/137.0359895(61) 
2.81794092(38) x lo-l5 m 

1 deuteron mass 
unified atomic mass unit (u) 

fine structure constant 
classical electron radius 
electron compton wavelength 
wavelength of 1 eV/c particle 
Thomson cross section 
gravitational constant 
std. gravitational accel. 
Avocradro number 

I Boltzmann constant 

J? 1 9.80665 m seL 

NA 6.0221367(36) x 10z3 mol-‘- 
k 1.380658(12) x 1O-23 J K-’ 

1 lbam I 10m2’ m2 
1 1.60217733(49) x lo-“J 

1 Gauss 
1 erp 

10e4 Tesla 
10-7J 

1 fm 
1 atmosnhere 

lo-l3 m 
760 torr = 1.01325 x lo5 N/m2 

a The one-standard deviation uncert: 

J 0°C 1 273.15 OK 
linties in the last digits are given in parentheses. 

page l-7 

_____. ___ __._ --.-.__--.-__--. 



Chapter 1 Composition of Accelerator Radiation Fields 

Table 1.2 Atomic and nuclear properties of materials [Adapted from (PDG96)] 
Mat’1 Z A Nu- Nucle- Nucle- Nucle- Min. Radia- Length Densityd 

clear ar ar col- ar stop- tion 
total inelas- lision inter- ping 
cross tic lengthb aCtiOn 

sect.a 
powerC 

cross lengthb X0 
sect.a dEh!x xo (cm> (pg/cm3) 

OT (3ill J.T hi, 
(MeV, (g/cm’) () is for ( ) or [ ]for gas 

(barn) (barn) (g/cm2> (g/cm2) g/cm’) gas (do 
H2 1 1.01 0.0387 0.033 43.3 50.8 4.12 61.28 865 0.0708(0.090) 
D2 1 2.01 0.073 0.061 45.7 54.7 2.07 122.6 757 0.162[0.179] 
He 2 4.00 0.133 0.102 49.9 65.1 1.94 94.32 755 0.125[0.179] 
Li 3 6.94 0.211 0.157 54.6 73.4 1.58 82.76 155 0.534 
Be 4 9.01 0.268 0.199 55.8 75.2 
C 6 12.01 0.331 0.231 60.2 86.3 
NZ 7 14.01 0.379 0.265 61.4 87.8 
02 8 16.00 0.420 0.292 63.2 91.0 
Al 13 26.98 0.634 0.421 70.6 106.4 
Si 14 28.09 0.660 0.440 70.6 106.0 

.61 65.19 35.3 1.848 

.78 42.70 18.8 2.265e 

.82 37.99 47.0 0.808[ 1.251 

.82 34.24 30.0 1.14[1.43] 

.62 24.01 8.9 2.70 

.66 21.82 9.36 2.33 
Ar 18 39.95 0.868 0.566 76.4 117.2 1.51 19.55 14.0 1.40[1.78] 
Fe 26 55.85 1.120 0.703 82.8 131.9 1.48 13.84 1.76 7.87 
cu 29 63.55 1.232 0.782 85.6 134.9 1.44 12.86 1.43 8.96 
Ge 32 72.59 1.365 0.858 88.3 140.5 1.40 12.25 2.30 5.323 
W 74 183.85 2.767 1.65 110.3 185 1.16 6.76 0.35 19.3 
Pb 82 207.19 2.960 1.77 116.2 194 1.13 6.37 0.56 11.35 
U 92 238.03 3.378 1.98 117.0 199 1.09 6.00 0.32 18.95 
Air 62.0 90.0 1.82 36.66 (30420) (1.205)[ 1.2931 
Hz0 60.1 84.9 2.03 36.08 36.1 1.00 
Shielding concretef 67.4 99.9 1.70 26.7 10.7 2.5 

Si02 (quartz) 67.0 99.2 1.72 27.05 12.3 2.64 
Nd 94.8 152 1.32 9.49 2.59 3.67 
Polystyrene, scintillator (CH) 58.4 83.0 1.95 43.8 42.4 1.032 
Polyethylene (CH2) 56.9 78.8 2.09 44.8 47.9 0.92-0.95 
MYI= (CSH402) 60.2 85.7 1.86 39.95 28.7 1.39 
co2 62.4 90.5 1.82 36.2 (18321) [1.977] 
Methane (CH4) 54.7 74.0 2.41 46.5 (64850) 0.424[0.717] 
Ethane (C2Hh) 55.7 75.7 2.30 45.7 (34035). 0.509( 1.356) 
NaF 66.78 97.57 1.69 29.87 11.68 2.558 
LiF 62.0 88.24 1.66 39.25 14.91 2.632 

aThese are energy dependent. The values quoted are for the high energy limit. The inelastic cross 
section is obtained by subtracting the elastic and quasi-elastic cross sections from the total cross 
section. 

bThese quantities are the mean free path between all collisions (h) or inelastic interactions (hr) and are 
also energy-dependent The values quoted are for the high energy limit. 

‘This is the minimum value of the ionization stopping power for heavy particles. It is calculated for 
pions and the results are slightly different for other particles. 

dFor substances that are gases at room temperature, values at 20 “C and 1 atmosphere pressure are given 
in parentheses (grams/liter) while values at STP are given in square brackets [grams/liter]. Values 
without ( ) or [ ] are for cryogenic liquids at the boiling point at 1 atmosphere pressure. 

“The tabulated values are for pure graphite; industrial graphite may vary between 2.1-2.3 g cmw3. 

fThis is for standard shielding blocks, typical composition of O2 (52%), Si (32.5%), Ca (6%), Na 
(1.5%), Fe (2%), Al (4%), plus reinforcing iron bars. 
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II. Summary of Relativistic Relationships 

The rest energy, W,, of a particle of rest mass m, is given by, 
W, = m,c2 , 

where c is the velocity of light. 
(1.9) 

The total energy in free space, W, is then given by 

W = mc2 = mOc2(1-p2)-1’2, (1.10) 

where p = v/c and v is the velocity of the particle in a given frame of reference. 

The relativistic mass, m, of a particle moving at pis another name for the total energy 
and is given by 

mc2 = 
1 

r l-p2 
moc2 = Pw2 (1.11) 

The kinetic energy, E, is then; 
E= W- Wo=(m-m,)c 2 and (1.12) 

p= l- F2. i-T-7 (1.13) 

The momentum, p, of a particle is 

p=mv=m@= @EZ&p?Z=ii& 

so that at high energies, p = E/c = W/c . 

(1.14) 

It is usually most convenient to work in a system of units where energy is in units of eV, 
MeV, etc. Velocities are, then, expressed in units of the speed of light (p), momenta are 
expressed as energy divided by c (e.g., MeV/c, etc.), and masses are expressed as energy 
divided by c2 (e.g., MeV/c2, etc.). 

For moderately relativistic particles, the mean rate of energy loss (stopping power) is 
given approximately by (PDG96): 

-$ = 4mArzmec (1.15) 

where NA is Avogadro’s number, Z and A are the atomic number and weight of the 
material transversed, z is the charge state of the projectile in units of electron charge, me 
and re are the mass and “classical radius” of the electron and Z is the ionization constant. 
Sis a small correction factor which approaches 2 lnr Substituting constants, 
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-f = 0.30712 2 $[h{ 2mec~P2}-ai -z] (MeVcmzg-1) - (1.16) 

where Z = 16Z@’ eV for Z > 1. Z has a value of approximately 20 eV for diatomic 
hydrogen. 

The decay length at a given velocity of a particle with a finite meanlife (at rest), r, can be 
obtained from the product of the speed of light and the meanlife, cz, which is often 
tabulated. The decay length is given by pCv, where relativistic time dilation is taken into 
account by inclusion of the factor ‘y. This length is to be distinguished from that called 
the decay path. The latter represents a distance in space in which a given particle is 
allowed to decay with no or minimal competition from other effects such as by scattering 
or absorption. 

III. Primary Radiation Fields at Accelerators-General Considerations 

The particle yield, Y, is a crucial parameter. It is typically a function of both angle and 
particle energy and is defined according to Fig. 1.6. Such particle yields, dependent upon 
both target material and thickness, are reported in terms of particle type, energy, and 
angular distributions. Scattered reaction products are found at a “point of interest” 
located at radius, r, and polar angle, 0, relative to the direction of the incident particle 
along the positive Z -axis. The rate of production of the desired reaction products and 
their energy spectra is, in general, a strong function of both 8 and the incident particle 
energy E,. There is usually no dependence on the azimuthal angle in a spherical 
coordinate system.’ 

In principle, calculations of the particle yield could be taken directly from differential 
cross sections for given incident particle kinetic energy E, 

da(b,E) 
d&l ’ 

where c$@ E) is the cross section as a function of energy and angle and J2 is the solid 
angle into which the secondary particles are produced. This would involve an integral of 
this cross section it varies while the incident particle passes through the target material. 
Calculations of the radiation field which directly use the cross sections are often not 
practical because targets hit by beam are not really thin (i.e., one cannot ignore energy 
loss or secondary interactions in the target). The knowledge of cross sections at all 
energies is generally incomplete with the unfortunate result that one commonly cannot 
integrate over 8 and E to get the total yield. 

‘The single exception is the case in which the spins of the target nuclei and/or the incident particle are 
oriented along some chosen direction in a “polarization” experiment. 
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For many applications, the details of the angular distributions of total secondary particle 
yield, dY(B)/dQ and the angular dependence of the emitted particle energy spectrum, 
d2Y( 6 E)/dEdQ, of the emitted particle spectra are very important. Often, the particle 
fluence is needed at a particular location at coordinates (I-, 0) from a known point source 
of beam loss while the angular distributions of dY/dG are generally expressed in units of 
particles/(steradian-incident particle). 

To obtain the total fluence G(e) [e.g., particles/(cm2incident particle)], or differential 
fluence d@(E, @/dE [e.g., particles/(cm2.MeVincident particle)] at a given distance r 
(cm) at a specified angle t9from such a point source , one must simply multiply the yield 
values by r -2 (cm-z): 

<a(e) = LdYo and d@(W) = I d2W, E) 
,2 dS2 dE ,2 dEdS2 ’ 

(1.17) 

POINT OF INTEREST 

*n, -------- * 
Z-AXIS 

TARGET 

Fig. 1.6 Conceptual interaction of incident beam with material (target) which produces radiation at the 
point of interest located at polar coordinates (r, 0). 
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IV. Radiation Production by Electron Accelerators 

At all energies photons produced by bremsstrahlung dominate the radiation field aside 
from the hazard of the direct beam. As the energy increases, neutrons become a 
significant problem. For E. > 100 MeV, the electromagnetic cascade must be 
considered (see Chapter 2). An interesting rule of thumb is that electrons have a finite 
range in any material proportional to the initial kinetic energy of the electron, E,,(MeV): 

For 2 < E. c 10 MeV, 
R = 0.6E, g cm-2. (1.18) 

In air, R (meters) = 5 E. (MeV). Above approximately 10 MeV, radiative losses begin to 
dominate, as will be discussed shortly. 

Direct Beam 

Swanson (Sw79) has given a “conservative” rule of thumb for the electrons in the energy 
domain of 1 < E. < 100 MeV: 

dH 
-= 1.6~10~4, 
dt 

(1.19) 

where dH/dt is the dose equivalent rate (rem h-‘) and @ is the flux density (cme2 s-l). 

Bremsstrahlung 

Bremsstrahlung is the radiative energy loss of electrons as they interact with materials. It 
appears in the form of photons. An important parameter when considering radiative 
energy loss of electrons in matter is the critical energy, EC . The critical energy is the 
energy above which the energy loss due to radiation exceeds that due to ionization for 
electrons. The value of EC is a smooth function of atomic number; 

EC = SOO/(Z + 1.2) (MeV), (1.20) 

where Z is the atomic number of the material. 

The transition from ionization to radiation is also a smooth one. The stopping power for 
electrons may be written as the sum of collisional and radiative components: 

A parameter of significant importance for electrons is the radiation length, Xi , which is 
the mean thickness of material over which a high energy electron loses all but l/e of its 
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energy by bremsstrahlung and is the approximate scale length for describing high-energy 
electromagnetic cascades. This parameter also plays a role in the “scaling” of multiple 
scattering for all charged particles. It is approximated by: 

x0 = 
716.4A 

Z(Z + 1) ln(287 / *) (g cm-2) 
(1.22) 

where Z and A are the atomic number and weight of the material medium, respectively. 
It turns out for high energy electrons that the rate of energy loss is given by: 

dE 

( 1 

E 

dx rad = -x0 ’ 
(1.23) 

so that under these conditions (i.e., where ionization can be neglected), the energy, E, of 
the electron as a function of thickness of shield penetrated, x, is given by 

E(x) = Eoe-x’xo 
where the energy of the incident particle is E,. 

(1.24) 

Figure 1.7 gives the percentage of energy E. that appears as radiation for various 
materials as a function of energy. External bremsstrahlung develops as a function of 
target thickness and is described by a “transition” curve. As the thickness increases, the 
radiation increases until reabsorption begins to take effect. Then, self-shielding begins to 
take over. One talks about the maximum as a “thick-target” bremsstrahlung spectrum. 
This phenomenon becomes important above energies of about 100 MeV for low-Z 
materials and above 10 MeV for high-Z materials. The energy spectrum of the radiated 
photons ranges from zero to the energy of the incident electron and the number of 
photons in a given energy interval is approximately inversely proportional to the photon 
energy. The amount of energy radiated per energy interval is practically constant 
according to Schopper et al(Sc90). To address radiological concerns in a conservative 
manner, one often assumes the target to be “thick” in this sense. Figure 1.8 shows the 
behavior for a high-Z target. Swanson has developed three “rules of thumb” which 
parameterize this behavior for the absorbed dose rates, dD/dt, at one meter normalized to 
one kW of incident beam power for E, in MeV (Sw79): 

Rule of Thumb 1: 
dD 
- = 2OE,2 (Gy h-*)(kl&rl m2> at 8 = 00, E, < 15 MeV. 
dt 

Rule of Thumb 2: 
dD 
- = 3OOEo (Gy h-‘)(kw-’ m2> at 8 = 00, E, > 15 MeV. 
dt 

Rule of Thumb 3: 

(1.25) 

(1.26) 

$50 (Go h-l)(kgrl m2> at 8 = 90°, E, > 100 MeV. (1.27) 
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One can scale these results to other distances by using the inverse square law. It should 
be noted that one canget higher dose rates at 900 in certain circumstances due to the 
presence of softer radiation components. The forward intensity is a slowly varying 
function of target material except at very low Z. The angular full width, @n, of the 
forward lobe (half-intensity) is approximately given by the relation due to Swanson 
(Sw79): 

JWK? = 100 (MeV degrees). (1.28) 

Alternatively, according to Schopper et al. (Sc90) the average angle of emission is of the 
order of mJEo (radians) where m, is the rest mass of the electron. 

Information about the bremmstrahlung photon spectrum is desirable. For thin targets (X 
CC X0) ,the spectrum of photons of energy k per energy interval dk, dN/dk, is 
approximated by; 

dN X -- 
dk- X,k’ 

(1.29) 

Thick targets require consideration of the electromagnetic cascade. In general, the spectra 
fall as I/@ at 8 = 0 and even faster at larger angles (Sc79). 

At higher energies (E, > approximately 100 MeV), the electromagnetic cascade 
development in accelerator components is very important and can result in a forward 
“spike” of photons with a characteristic angle of 0, = 29.28/E, (degrees, if E. is in MeV). 
At 8 = 8, the intensity of the spike has fallen to l/e of its value at 8 = 0. This phenomena 
is important at electron storage rings and colliders. 
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Fig. 1.7 Bremsstrahlung efficiency for electrons stopped in various materials. This is the fraction (in 
per cent) of the kinetic energy of incident electrons converted to radiation as a function of 
incident energy Eo. The remainder is transferred to the medium by ionization. [Adapted 
from (Sw79)]. 

IO3 
1 10 100 1000 

E. (MW 

Fig. 1.8 Thick target bremsstrahlung from a high atomic number target. Absorbed dose rates at 1 
meter per unit incident electron beam power (kW) are given as a function of incident electron 
energy E,. The dashed lines represent a reasonable extrapolation of the measured values. 
The dose rates measured in the sideward direction (smoothed for this figure) depend strongly 
on target and detector geometry and can vary by more than a factor of two. The dashed line at 
90° represents the more penetrating radiation component to be considered in room shielding. 
[Adapted from (Sw79).] 
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Synchrotron radiation 

Swanson (Sw90) presents a summary discussion of this important phenomenon. The 
movement of electrons in a circular orbit results in their centripetal acceleration. This 
gives rise to emission of photons. At nonrelativistic energies, this radiation is largely 
isotropic. However, for relativistic energies, a condition readily achievable for 
accelerated electron beams, the photons emerge in a tight bundle along a tangent to any 
point on a circular orbit. Figure 1.9 shows this bundle. The characteristic angle (i.e., the 
angle of l/e of the zero degree intensity) of this “lobe” is 

0, = $ = dl - f12 radians. 

The median energy of the power spectrum, Q, is given in terms of the total energy, W 
(GeV), and bending radius, R (meters) by: 

2.218W3 
E, = 

R (keV). [For protons, multiply by (me/mp )3.] (1.31) 

The radiated power, P (watts) for a circulating electron current, I (milliamperes) is 

p _ 88.46tiI 

R [For protons, multiply by (me/mp )4.]. (1.32) 

More details on this subject, including the details of the angular distributions and spectra 
of the emitted photons, have been given in detail by Jackson (Ja75) with a good summary 
provided by the Particle Data Group (PDG96). Fig. 1.10 gives the universal radiation 
spectrum for high energies. 
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electrons 

Fig. 1.9 

synchrotron 
radiation 

Synchrotron radiation pattern for relativistic particles at the instantaneous location denoted by 
“electrons”. Twice the opening angle, qC, is shown as the cross-hatched region. 
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Fig. 1.10 Universal synchrotron radiation spectrum. The graph gives the relative power as a function of 
photon energy in units of characteristic energy, Q. It yields unity if integrated over all 
energies. [Adapted from (Sw83).] 
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Neutrons 

Giant Photonuclear Resonance Neutrons 

Neutron production can be expected to occur in any material irradiated by electrons or 
bremsstrahlung photons above the material-dependent threshold which varies from 10 to 
19 MeV for light nuclei and 4 to 6 MeV for heavy nuclei. Thresholds of 2.23 MeV for 
deuterium and 1.67 MeV for beryllium are noteworthy exceptions. Between the threshold 
and approximately 30 MeV, a process known as the giant photonuclear resonance is the 
most important source of neutron emission from a material irradiated by electrons or 
photons. Swanson (Sw79) has given a detailed description of this process that is 
summarized here. A simple picture of this phenomenon is that the electric field of the 
photon transfers its energy to the nucleus by inducing an oscillation in which the protons 
as a group move oppositely to the neutrons as a group. This process has a broad 
maximum cross section at photon energies, k, = 20-23 MeV for light nuclei for materials 
having mass numbers, A, less than about 40. For heavier targets, the peak is at an energy 
of approximately k, = 80A-‘N. It turns out that the yield, Y, of giant resonance neutrons at 
energies above approximately 2k, is nearly independent of energy and nearly proportional 
to the beam power. 

This process may be thought of as a process in which the target nucleus is excited and 
then decays somewhat later by means of neutron emission. It is a (y, n) nuclear reaction 
as written in the scheme of notation in which the first symbol in the parentheses 
represents the incoming particle in a reaction while the second represents the outgoing 
particle. In this process the directionality of the incident electron or photon is lost so that 
these emissions are isotropic. Because of this isotropicity, the inverse square law may be 
used to estimate the flux density at any given distance, r. The spectrum of neutrons of 
energy E, can be described as a Maxwellian distribution, 

dN 
- = sexp(-E, /T), 
dE,z T2 

where T is a nuclear temperature characteristic of the target nucleus and its excitation 
energy. T, in energy units, is generally in the range 0.5 < T < 1 MeV. For this 
distribution, the most probable value of E, = T and the average value of E, = 2T. This 
process generally dominates for kinetic energies E0 < 150 MeV. The excitation 
functions of total neutron yields in various materials are plotted in Fig. 1.11. Table 1.3 
gives yields of giant resonance neutrons per watt of beam power (s-*W-l), the yield per 
GeV per sr (Yn GeV-1 srI), and a recommended dose equivalent source term (Sv cm2 
GeV-I). The agreement with various experiments is quite good according to Schopper et 
al. (Sc90). The last column is used in the following equation: 
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where His the dose equivalent in Sieverts, r is the radial distance from the target in cm, 
E. is in GeV, and Z is the total beam particles incident (e.g., during some time 
interval). 
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-1 
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Fig. 1.11 Neutron yields from infinitely thick targets per kW of electron beam power as a function of 
electron beam energy E,, disregarding target self-shielding. [Adapted from (Sw79b).] 

Table 1.3 Yields and source terms of giant resonance neutrons in an optimum 
target geometry per incident ion at high energies (E, > 500 MeV). [Adapted from 
(Sw79b) and (Sc90).] 

Material Total Neutron Yield per GeV, Recommended Source Terms ‘, 
Production steradian and electron, sn 

Y 
s-‘w-’ (GeV’si’) (Sv cm2 GeV’) 

C 4.4 x lo* 5.61 x 1O-3 4.3 x lo-‘* 
Alb 6.2 x lo* 7.90 x 1o-3 6.0 x 10-l’ 
Fe 8.18 x 10’ 1.04 x lo-* 7.7 x .10-l* 
Ni 7.36 x lo8 9.38 x 1O‘3 6.9 x lo-‘* 
cu 1.18 x lo9 1.50 x lo-* 1.1 x 10-l’ 
Ag 1.68 x lo9 2.14 x lo‘* 1.5 x 10-l’ 
Ba 1.94 x lo9 2.47 x lo-* 1.8 x 10-l’ 
Ta 2.08 x lo9 2.65 x lo-* 1.8 x lo-” 
W 2.36 x lo9 3.01 x 1o-2 2.0 x 10-l’ 
Au 2.02 x lo9 2.58 x lo-* 1.8 x 10-l’ 
Pb 2.14 x lo9 2.73 x lo-’ 1.9 x lo-” 
U 3.48 x lo9 4.44 x lo-* 3.0 x 10.” 

90 get Sv cm* h-‘kW-‘, multiply this column by 2.25 x 1016. 

bThe value for aluminum is also recommended for concrete. 
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Quasi-Deuteron Neutrons 

At energies above the giant resonance, the dominant neutron production mechanism is 
one in which the photon interacts with a neutron-proton pair within the nucleus rather 
than with the whole nucleus. The quasi-deuteron effect is so-named because for E0 > 30 
MeV the photon wavelength is in resonance with the average inter-nucleon distance so 
that the photon interactions tend to occur with “pairs” of nucleons. Only neutron-proton 
pairs have a nonzero electric dipole moment, which makes interactions of photons with 
such pairs (pseudo-deuterons) favorable. This mechanism is important for 30 < EO< 300 
MeV and has been described by Swanson (Sw79). The general effect of this mechanism 
is to add a tail of higher-energy neutrons to the giant resonance spectrum. For 5 < E, < 
Ed2 (MeV), the nearly isotropic spectrum of quasi-deuteron neutrons is given by 

dN 
- = E,-” where, approximately, 1.7 < a< 3.6. 
WI 

(1.35) 

The slope becomes steeper as E,, the kinetic energy of the incident electron, is 
approached. Eq. (1.35) is for thin targets, for thick target situations, the fall off with E,, is 
generally steeper. Since the mechanism is the (y, np) reaction and the neutron and the 
proton are nearly identical in mass, they share the available energy equally so that the 
yield is essentially zero for E, > Ed2. In general, these neutrons are fewer in number and 
generally less important than are the giant resonance neutrons. Shielding against the 
latter will generally provide adequate protection against the former. 

Neutrons Associated with the Production of Other Particles 

There are interactions in which the production of other elementary particles, perhaps best 
typified by pions, becomes energetically possible at still higher energies (EO > 300 MeV). 
These particles can then produce neutrons through secondary interactions as will be 
discussed in Chapter 3. DeStaebler (De65) has parameterized the measured yields of high 
energy particles per incident electron: 

a 7.5x104 -= 
d~d2 (~-O.~~COS~)~A~*~ 

(GeV-‘sr-‘) (1.36) 

where A is the atomic mass (g/mol) of the target material. It is reasonable to use a dose 
equivalent conversion factor of approximately 1 x lo-13 Sv m2 for these neutrons. 
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Muons 

With electron beams, muons become of significance above an electron energy of 
approximately 211 MeV, the threshold of the process in which a @ pair is produced. 
They can, at much smaller fluxes, be produced by the decay of ti and ~2 which are, in 
turn, due to secondary production processes. Such decay muons will be discussed in 
more detail later. The muon rest energy is 105.7 MeV, its meanlife z = 2.19 x 10-e s and 
the meanlife times the speed of light, cz = 658.6 m. These particles are highly forward 
peaked. The dose equivalent per fluence conversion factor, P, has been found by 
Stevenson (St73) to be 40 fSv m2 (25,000 muons cm-2 per mrem) for 
100 MeV < EP < 200 GeV. At lower energies range-out of muons in the body with 
consequential higher energy deposition gives a conversion factor of 260 fSv m2 (3850 
muons cm-2 per mrem). The results for a wide range of energies are included in Fig. 1.4. 

A detailed theoretical treatment of muon production by incident electrons is given by 
Nelson (Ne68 and Ne74). Figure 1.12 gives the muon flux density as a function of 
energy at 8 = 00 while Fig. 1.13 shows an example of the angular dependence of these 
yields at Ep = 20 GeV. The reasonableness of scaling with energy to larger values of E. 
is well-demonstrated. 

Obviously, the range-energy relation of muons and considerations related to their energy 
loss mechanisms is relevant to shielding against muons regardless of the origin of the 
muons. Muons have very long mean ranges that are displayed in Fig. 1.14. At high 
energies (E,> 100 GeV), range straggling becomes severe (Va87). Also, above a critical 
energy for muons of several hundred GeV (in; say, iron), radiative losses begin to 
dominate such that the stopping power, dE/dx, is given by: 

-dE 
~ = a(E) + b(E)E 

dx (1.37) 

where a(E) is the collisional ionization energy loss given by Eq. (1.15) (= 0.002 GeV/gm 
cm-2), and b(E) is the radiative coefficient for E in GeV. The latter parameter is plotted 
in Fig. 1.15. The results presented here are also relevant relevant to further discussion in 
Chapter 3. 

The mean range, R,, of a muon of kinetic energy E, , is approximated by 

RP = dln(a + bE0). (1.38) 

Muon range straggling (Va87) is chiefly due to the fact that, above 100 GeV, electron- 
positron pair production, bremsstrahlung, and deep inelastic nuclear reactions become the 
dominant energy loss mechanisms. The cross sections for the latter two mechanisms are 
such that only a few interactions can be expected. Although these processes have low 
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probability, when they do occur they involve large energy losses and thus have quite 
significant effects. Tables 1.4 and 1.5 below give fractional energy loss and comparisons 
of muon ranges at high energies for different physical mechanisms. Here, the straggling 
is very important since shielding calculations based upon using the mean range values can 
lead to significant underestimates of the number of muons which can penetrate the shield. 

Swanson (Sw79) has illustrated the broad features of the radiation field due to the 
interactions of electrons with no shielding that is given in Fig. 1.16. This figure is useful 
for making crude estimates of the resultant radiation field. As one can see, at all angles, 
from the standpoint of dose equivalent, the unshielded field is always dominated by 
photons. At small angles, the field is dominated by photons with muons as the next most 
important ingredient at TeV energies. 
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Fig. 1.12 Muon production at B = O” from an unshielded thick iron target at one meter, as a function of 
electron energy, E, . [Adapted from (Sw79) and (Ne68).] 
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Fig. 1.13 Integrated muon flux density at 1 meter per kW of electron beam power as a function of muon 
energy for 20 GeV electrons incident on a thick iron target at several values of 8. The integral 
of the flux density over energy includes all muons that have energies that exceed the value of 
the abscissa at the given value of 8. [Adapted from (Ne68).] 
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Fig. 1.14 Range-energy curves for muons in various materials. On the curve labeled “Earth”, the gray 
boxes are indicative the approximate spread in the range due to straggling at one standard 
deviation at the indicated muon energy. The density of “earth” was taken to be 2.0 g cm-‘. 
The values were taken from (Sc90). 
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Table 1.4 Fractional energy loss of muons in soil (p = 2.0 g cm-s). The 
fractions of the total energy loss due to the four dominant energy loss 
mechanisms are given. [Adapted from (Va87).] 

Energy Ionization Brems-strahlung Pair production Deep inelastic 
nuclear scattering 

10 0.972 0.037 8.8 x 1o-4 9.7 x 1o-4 
100 0.888 0.086 0.020 0.0093 

1000 0.580 0.193 0.168 0.055 
10,000 0.167 0.335 0.388 0.110 

Table 1.5 Comparison of muon ranges (meters) in heavy soil (p = 2.24 g cm3) 
[Adapted from (Va87)] 

Energy 

(GeV 

10 

Mean Range 
(meters) 

22.8 

Standard 
Deviation 
(meters) 

1.6 

Mean Ranges from dE/dx in Heavy 
Soil (meters) 

1 All Processes Coulomb Coulomb & 
Losses Only Pair 

Production 
Losses 

21.4 21.5 21.5 
30 63.0 5.6 60.3 61.1 60.8 

100 188 23 183 193 188 
300 481 78 474 558 574 

1000 1140 250 1140 1790 1390 
3000 1970 550 2060 5170 2930 

10,000 3080 890 3240 16700 5340 
20,000 3730 1070 
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Fig. 1.15 Contributions to the fractional energy loss by muons in iron due to e+e- pair production, 
bremsstrahlung, and photonuclear interactions. See Eq (1.37). [Adapted from (PDG96).1 
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Fig. 1.16 Dose-equivalent rates per unit primary beam power at one meter produced by various types of 
“secondary” radiations from a high-i! target as a function of primary beam energy, if no 
shielding were present (qualitative). The width of the bands suggests the degree of variation 
found, depending on such factors as target material and thickness. The angles at which the 
various processes are most important are indicated. [Adapted from (Sw79).] 
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V. Radiation Production by Proton Accelerators 

The Direct Beam 

Direct beams at proton accelerators, from the dosimetric standpoint, nearly always 
dominate over any type of secondary phenomena since the beam current is generally 
confined to small dimensions. Figure 1.4 includes the dose equivalent per fluence as a 
function of proton energy. The physical reason that the conversation factor shows such a 
prominent transition at about 200 MeV is that below that energy the proton range in tissue 
is less than the thickness of the human body. Hence as the energy is increased above 200 
MeV, the energy largely escapes from the body so that it requires a far larger fluence of 
protons to deliver the same dose equivalent. 

As the energy of a proton beam increases, the range of the protons increases to where the 
probability of the proton interacting before it has lost all of its energy due to ionization in 
a target gradually becomes significant. Tesch has summarized this and the results are 
shown in Fig. 1.17 for various materials and energies (Te85). 

Neutrons (and other hadrons at high energies) 

E,-clOMeV: 

For nuclear reactions, the Q-value, Q, , is defined in terms of the rest masses, ini, 

Q,, = [(ml +q)-(q +mdk2 (1.39) 

for nuclear reaction symbolized by ml + m2 -> m3 + mq which is generally denoted 
m2(ml,m3)mq. Q, > 0 implies an exothermic nuclear reaction. Endothermic (Qy < 0) 
reactions are characterized by a threshold energy, Eth , given by: 

Eth = 
ml+?! IQ 1 

m2 v* 
(1.40) 

Below 10 MeV, (p,n) reactions are important for some materials because these reactions 
commonly have very low thresholds ( < 5 MeV) . Many features are highly dependent 
upon the details of the structure of the target nuclei and are often sensitive to the target 
element, angle, and energy. For example, 7Li(p,n)7Be has a threshold of 1.9 MeV and the 
reaction cross section, CJ, quickly rises to a value of 300 mb. 

10<Eo<200A4eV 

For protons having energies of this magnitude and higher, neutrons are usually the 
dominant feature of the radiation field that results from their interactions. In this region 
of energy, the yields are smoother functions of energy due to the lack of resonances, but 
are also more forward-peaked. Tesch (Te85) has summarized the total yields per incident 
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proton for different materials as a function of energy in Fig. 1.18. In this figure the 
smooth curves agree with the original primary data to within about a factor of two. An 
important feature is that for 50 < E0 < 500 MeV, Y = I$,2 while for I& > 1 GeV, 
Y 0~ I&. Especially at the lower energies, many of the neutrons produced are so-called 
“evaporation” neutrons that would have an isotropic distribution. Further discussion of 
angular distribution effects for the so-called “cascade” neutrons follows later. 

In this region there are extensive angular distribution data as a result of nuclear physics 
research. The general feature is that the distributions are forward-peaked. Representative 
examples of angular distributions of neutrons are given in Figs. 1.19 and 1.20 for 52 and 
200 MeV protons, respectively. 

200 MeV < E, < 1 GeV; (“intermediate” energy): 

In this region, many more reaction channels become open and the number of protons 
emitted gradually becomes approximately equal to the number of neutrons. In fact, at the 
highest energies for such unshielded conditions, the radiation effects of protons and 
neutrons are essentially identical and both must be taken into account. Thus reliance on 
the values in Fig. 1.18 could underestimate radiation effects by as much as a factor of 
two. 

Eo > I GeV (“high” energy region): 

In this region, both the calculations and measurements become much more difficult. 
Often, “threshold” detectors are used to detect neutrons above some reaction threshold 
energy. Figures 1.21, 1.22, 1.23, and 1.24 show representative data at 14,26,22, and 225 
GeV, respectively. These results should be regarded as thin target values. “Thin” target 
in this context means a target shorter than the mean free path for removal of the high 
energy protons. Table 1.6 summarizes common removal mean free paths. Considerable 
efforts have been made to semi-empirically fit the distributions of the yields of secondary 
particles produced by proton interactions. These efforts are needed to supply the needs of 
the particle physics community as well as to address radiation safety issues. They began 
in the early days of radiation protection and continue to the present and are embodied in 
the continual development of Monte-Carlo programs designed to calculate the properties 
of hadronic cascades (see Chapter 3). As an example of a particularly successful early 
model, Ranft (Ra66) developed the following formula for the yield of protons (or 
neutrons), which when integrated numerically above the indicated particle threshold, well 
describes the experimental data presented in Figs. 1.2land 1.22, according to Patterson 
and Thomas (Pa73): 

(protons or neutrons si’ GeV’ per interacting proton) (1.41) 
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where 
p. is the primary proton momentum (GeV/c) 
m is the proton rest energy (GeV/c2) 
a = (1 +(&m)2}1’2 
8 is the production angle (radians). 

The parameters A, B, and C are material dependent and are given in Table 1.7 

For simple radiation protection calculations, Sullivan (Su89) has developed a formula for 
the fluence, @ (@, of hadrons with E, > 40 MeV that will be produced at one meter from 
a copper target struck by protons in the energy region 5 c E. < 500 GeV per interacting 
proton: 

<D(8) = 
1 

2[e+(35,&)1' 
(cmT2 per interacting proton), (1.42) 

where E. is in GeV and 8is in degrees. 

This formula also adeouatelv accounts for the distributions of neutrons per incident 
proton in the region of incident proton energy 0.025 < E. < 1 GeV if it is multiplied by, 
approximately, a factor of two. This equation is plotted in Fig. 1.25, for”lateral” (8 = 90°) 
and “forward” (0 = 00) directions. 

Of course, the dose equivalent is more directly germaine to radiation protection concerns 
than is the “raw” fluence. In principal, the dose equivalent can be obtained by integrating 
over the spectrum, 

H = f”” WWWdE , 

or by summation, taking into account the “coarseness” of available data and/or 
calculations: 

j=l 

(1.43) 

(1.44) 

Tesch (Te85) has done this to obtain the dose equivalent at one meter from a copper 
target (0 = 900) bombarded by protons of various energies. The result is plotted in Fig. 
1.26. Above about 1 GeV, the dose equivalent is approximately proportional to Ep. 
Levine (Le72) has measured the angular distribution of absorbed dose for 8 and 24 GeV/c 
protons incident on a Cu target. The results are in approximate agreement with those 
found by Tesch. 
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Table 1.6 Summary of removal mean free paths for protons 

Material 

hydrogen gas 
beryllium 
carbon 
aluminum 
iron 
copper 
lead 
uranium 
air 
water 
concrete(typica1) 
silicon dioxide 

(quiz> 
plastics (polyethylene) 

Density 

3 (grams/cm ) (gramskm2) 
9.00 x 10-5 43.3 
1.85 55.5 
2.27 60.2 
2.70 70.6 
7.87 82.8 
8.96 85.6 
11.35 116.2 
18.95 117.0 
1.29 x 10-3 62.0 
1.00 60.1 
2.50 67.4 
2.64 67.0 

0.93 56.9 I 61.51 

Removal Mean 
I 

Removal Mean 
Free Path Free Path 

(cm) 
4.81 X lo5 
30.03 
26.58 
26.15 
10.52 
9.55 
10.24 
6.17 
4.81 X lo4 
60.10 
26.96 
25.38 

Table 1.7 Material-dependent parameters to be used in Eq. 1.41 (from Ra67) 

Target A B c 
HZ 0.55 -0.30 2.68 
Be 0.68 -0.39 3.12 
Fe 0.92 -0.75 2.90 
Pb 1.14 -1.06 2.73 
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Fig. 1.17 Range of protons (curves on right and right hand scale) and probability of inelasiic nuclear 
interaction within the range (curves on left and left hand scale) for various materials [Adapted 
from (Te85).] 
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Fig. 1.18 
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Total neutron yield per proton for different target materials as a function of incident proton 
energy, E,. [Adapted from (Te85).] 
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Measured angular distributions of total neutron yield above 5 MeV for carbon, iron, copper, 
and lead bombarded by 52 MeV protons. The measurements were normalized at 8 = 15”. The 
curves are drawn to guide the eye. [Adapted from (Na78).] 

page 1-32 



Chapter 1 Composition of Accelerator Radiation Fields 

IO” 

1O-4 

1 o-5 

1 o-6 

IO.’ 

1 o-6 

; 60+<90” 3 

0 50 100 150 

Neutron Energy (MeV) 

200 

Fig. 1.20 Calculated energy spectra of neutrons emitted by iron and aluminum targets bombarded by 
200 MeV protons for four ranges in 8. The iron calculations are from (Ha88) while the 
aluminum results are from (A175). [Adapted from (Ha88).] 
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8 (degrees) 8 (degrees) 
Measurements of the angular distribution, dY/&2, of neutrons above 20 MeV produced by 14 Measurements of the angular distribution, dY/&2, of neutrons above 20 MeV produced by 14 
and 26 GeV protons on a thin beryllium target. The yield is per interacting proton. The lines and 26 GeV protons on a thin beryllium target. The yield is per interacting proton. The lines 
are drawn to guide the eye. [Adapted from (Gi68).] are drawn to guide the eye. [Adapted from (Gi68).] 
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The angular distribution, dY/dL2, of neutrons above 600 MeV produced by 14 and 26 GeV 
protons on a thin beryllium target. The yield is per interacting proton. The lines are drawn to 
guide the eye [Adapted from (Gi68).] 
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Fig. 1.23 
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Measured angular distributions of hadron fluence (particles cmW2) at 1 meter from a copper 
target bombarded by 22 GeV protons. Several choices of hadron energy thresholds are 
shown. [Adapted from (Ra72).] 
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Fig. 1.24 Measurements of hadron yields above different energy thresholds as a function of production 
angle 8 around a 15 cm long copper target bombarded by 225 GeV protons. The data have 
been multiplied by the indicated factors prior to plotting. The lines are intended to guide the 
eye. [Adapted from (St85).] 
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Fig. 1.25 Fluence of hadrons exceeding 40 MeV in energy, per interaction, at 1 meter from the target in 
both the forward (8 = O”) and sideways (13 = 90°) direction as a function of the interacting 
proton energy. The proton is interacting in a copper target. [According to (S&9).] 
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T 
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10-17 F------- 

lo-l6 I,llll 

10' lo2 lo3 lo4 
E. WV) 

Fig. 1.26 Dose equivalent per proton due to neutrons at 0 = 90° with energies higher than 8 MeV at a 
distance of 1 meter from a copper target. The curve is an interpolation between the 
normalized experimental measurements denoted by the open symbols. [Adapted from 
(Te85).] 
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Muons 

Muons at proton accelerators arise from two principal mechanisms. Production by pion 
and kaon decay are outlined as follows where mass of the parent particles, the branching 
ratio (the percentage of time the parent particle decays by the reaction given), the 
meanlife, 2, and the value of cz (PDG96) are also given: 

Ir*+pk+v P ; q= 139.6 MeV, z = 2.60 x lo-8 s, (99.99 % branch), 

(CT = 7.804 m), and 

K’ +,d+vp ; mK = 493.7 MeV, z = 1.24 x 10-s s, (63.51 % branch), 

(cz = 3.713 m). 

The other important muon production mechanism associated with incident high energy 
protons is so-called “direct” muon production that will be discussed in more detail in 
Chapter 3. 

At proton and ion accelerators the production of muons is generally dominated by a 
tertiary effect due to the decay of secondary particles. Muon fields are forward-peaked 
and, normally, dominated by those from pion decay (except, perhaps at the highest 
energies). Usually, Monte-Carlo techniques are needed to accurately estimate muon 
intensities. This is because of the need to: 

A. calculate the production of pions from the proton interactions, 

B. follow the pions until they decay or interact, 

C. adequately account for the range-energy relation and range straggling, 

D. track the muons to the point of interest, for example, through magnetic fields. 
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VI. Primary Radiation Fields at Ion Accelerators 

Because the ionization range for ions of a given kinetic energy decreases as a function of 
ion mass, targets become effectively “thicker” as the ion mass increases. 

light ions (ion mass number, A < 5) 

For such ions there are exothermic reactions that should be treated as “special cases”. 
Noteworthy examples (followed by their reaction Q-values, Q, in parentheses) are: 

D(d,n)3He (Qv = 3.266 MeV) 
9Be(a,n)12C (Q,, = 5.708 MeV) 
3H(d,n)4He (Q,, = 17.586 MeV). 

In some cases monoenergetic beams of neutrons are possible using these or the following 
slightly endothermic reactions: 

12C(d,n)13N (Qv = -0.281 MeV) 
T(p,n)3He (Qv = -0.764 MeV) 
7Li(p,n)7Be (Qv = -1.646 MeV). 

The energies of such neutrons can range from 0 to 27 MeV for bombarding energies up to 
10 MeV. 

In general, deuteron stripping and breakup reactions [(d,n)] have the highest yields 
because the binding energy of the deuteron is only 2.225 MeV. One gets an extra neutron 
“for free”! This phenomenon is especially pronounced at the lower energies. In the low 
energy region, and especially with light ions, one should carefully consider all possible 
reactions given the materials present in conjunction with the ions that are being 
accelerated. Patterson and Thomas (Pa73) have summarized total neutron yields for light 
ions. In general, the yields for the various light ions behave similarly to those due to 
protons. That is, the yield is within, typically, a fact of three of that expected for proton 
beams. A good measurement of neutron yields from 40 MeV a-particles has been 
provided by Shin et al (Sh95). Some high energy neutron production data for 640 and 
7 10 MeV a-particles has been provided by Cecil et al. (Ce80). 

heavy ions (ions with A > 4) 

At higher energies and especially at higher masses, neutron yield and dose equivalent data 
and calculations are very sparse. The data is usually normalized in terms of kinetic 
energy per atomic mass unit (specific energy), expressed in units of MeV/amu, or kinetic 
energy per nucleon because reaction parameters generally scale to that parameter. In the 
literature the technical distinction between energy/amu and energy/nucleon is often 
ignored. In the range up to 20 MeV/amu, Ohnesorge, et al (Oh80) have measured dose 
equivalent rates at one meter at 8 = 90’ from thick targets of iron, nickel, or copper 
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bombarded by 4He, ‘*C, 14N, 160, and *!Ne beams. The dose equivalent was found to be 
essentially independent of ion type as a function of specific energy. At 10 MeV/amu, a 
value of 6.3 x lo-‘* Sv/incident ion while at 20 MeV/amu, a value of 3.6 x lo-l7 
Sv/incident ion was measured. Other data in this general energy regime are exemplified 
by that of Hubbard et al (Hu60), and Aleinikov, et al (A185). 

Tuyn et. al (Tu84) reports studies done with 86 MeV/amu l2C ions incident on Fe targets 
slightly thicker than one range. The measurements are shown in Fig. 1.27. At a specific 
energy of 155 MeV/amu, Britvitch et al (Br98) have measured energy spectra and total 
neutron yields and angular distributions for 4He, ‘*C, and 160 ions stopping in a thick 
target of an ahoy of tungsten, nickel, and copper commonly known as “Hevimet”. The 
differential yields, dY/&?, were fit by the form, 

g = C exp(-fl@) , 

with the total yields being found by the integration, 

La1 = 2~~oz&9sine~ = 2nC 
(es@ + 1) 

(P2+1) ’ 

(1.45) 

(1.46) 

The results are presented in Fig. 1.28. The total neutron yield for 4He, ‘*C, and 160 was 
found to be 4.90, 1.56, and 1.74 neutrons/incident ion, respectively. 

Clapier and Zaidins (C183) have surveyed the existing data from 3 to 86 MeV/amu and 
have been able to fit the fluence angular distribution follows the following functional 
form: 

where 8is in degrees and the fitting parameter 5 is determined by 

5= 
4>(90°) 1 

cp(OO) - 4>(90°) = ~(o”)/~(90°) - 1 ’ 
(1.48) 

and where @6,@ is the fluence or dose equivalent at 8. These same authors have found 
that the total yield, Y (neutrons/ion) can be approximately fit as a function of the 
projectile atomic number, Z, and the specific energy, W (MeV/amu). They found 
esssentially no dependence on atomic number of the target. The expressions that result 
are: 
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Y = (W,Z) = c(z)w~(2) with (1.49) 

q(2) = 1.222/2 and (1.50) 

C(Z) = 
1.95 x 1oA 

22 75 exp{-0.475(lnZ)2} (1.51) 

These authors have tabulated the values of the parameters C(Z) and q(Z) in Table. 1.8. 
They also give a few examples of the parameter, 5, in the expression for fitting the 
angular distribution. They report values of 0.07 for uranium incident on uranium at 9 
MeV/amu, 0.025 for neutrons of energy < 20 MeV produced by 86 MeV/amu 12C 
incident on iron, and 3 x 10-d for neutrons of energy > 20 MeV produced by 86 MeV/amu 
12C incident on iron. One could use values given in Table 1.8 or the direct calculation 
and obtain some idea of the uncertainties inherent in this fit of such a broad range of data. 

McCaslin, et al. (McC85) measured the angular distribution of yields of 670 MeV/amu 
Ne and Si ions stopped in a copper target. For 670 MeV/amu 2oNe ions including all 
neutrons above 6.5 MeV at a radius of 1 meter, McCaslin found: 

Q,(0) = 372j neutrons m-2 per ion for 20 < 8 < 1800 , 0 in degrees. (1.52) 

For incident 670 MeV/amu 2oNe ions including all neutrons above 20 MeV; 

Q(e) = 248e-0e26 neutrons m-2 per ion for 00 < 8 < 200 , 8 in degrees. 
and 

qe) = 1k-o.o386 neutrons m-2 per ion for 200 c 8 < 1200 , 8 in degrees. 

(1.53) 

(1.54) 

The neutron yields at this high specific energy for heavy ions turn out to be quite large, by 
integrating the above over all angles, one finds a total yield of 73.9 neutrons/incident ion 
for I?,, > 6.5 MeV for 2%e incident ions. Fig. 1.29 is comparison of total neutron yields 
for representative heavy ions with that found for protons as a function of specific energy. 
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Table 1.8 Values of the parameters q(Z) and C(Z) as expressed in 
Eq (1.49-1.51). [Adapted from (C183).] 

Atomic Number Element 
1 hydrogen 
2 helium 
6 carbon 
8 oxygen 
10 neon 
18 argon 
36 krypton 
82 lead 

rim C(Z) 
1.5 1.7 x 1o-4 
2.6 3.9 x 1o-6 
1.7 2.5 x 1O-6 
3.6 3.6 x 1O-7 
7.0 2.7 x 10“’ 
7.0 5.1 x 10-l’ 
7.9 6.0 x lo-l2 
11.0 1.7 x lo-l3 

8 (degrees) 

Fig. 1.27 Measured neutron yields per 10’ ’ incident ions at 86 MeV/amu 12C ions incident on an iron 
target. Activation detectors with the following sensitive regions in neutron energ 
used: moderated indium foils (0.4 c En c 107 eV), 33S(n, P)~~P (En > 3 MeV), ??? 

En, were 
Al(n, 

a)24Na (En > 7 MeV) and 12C(n,2n)l k (E,,> 20 MeV). The lines are intended to guide the 
eye. [Adapted from (Tb4).] 
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IO0 
t”““““““““’ 

0 0.5 1 1.5 2 
8 (radians) 

Fig. 1.28 Neutron yields per incident ion for 155 MeV/amu ions reported by Britvich, et al (Br98). The 
diamonds are measurements for 4He which were fit by parameters (C{ neutrons/incident ion}, 

B{ sir}) of (0.8,0.49) which are defined in Eq. (1.45 and 1.46). The results for 12C are 

denoted by triangles and were fit by (C$) al 
12 

v ues of (0.26,0.51). The results for 0 are 
denoted by crosses and were tit by (C,B) values of (0.29,0.51). 

- Protons on Iron/Copper - Protons on Iron/Copper ____- ____- 

10' lo* lo3 lo4 
Specific Energy (MeV/amu) 

Fig. 1.29 Neutron yields as a function of specific energy for selected heavy ion projectiles as reported 
by the cited references. The curve for protons is that of Fig. 1.18 for protons incident on iron 
or copper targets. The data points for ‘*C and 160 are for a Hevimet target while the datum for 
%e is for a copper target. 
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Problems 

1. a) To how many GeV/s does 1 kW of beam power correspond? 

b) To how many singly charged particles per second does 1 ampere of beam current 
correspond? 

c) To how many GeV/kg of energy deposition does an absorbed dose of 1 Gy 
correspond? 

2. Which has the higher quality factor, a 10 MeV (kinetic energy) a-particle or a 1 
MeV neutron? Write down the quality factors for each particle. 

3. Calculate the number of 12C and 2% atoms per cm3 of solid material. 

4. Calculate the velocity and momenta of a 200 MeV electron, proton, iron ion, n;+, 
and CL+. The 200 MeV is kinetic energy and the answers should be expressed in 
units of the speed of light (velocity) and MeV/c (momenta). Iron ions have an 
isotope-averaged mass of 52021 MeV (A = 55.847 x 93 1.5 MeV/amu): The X+ 
mass is 140 MeV and the p? mass = 106 MeV . Do the same calculation for 20 
GeV protons, iron ions, and muons. It is suggested that these results be presented 
in tabular form. Make general comments on the velocity and momenta of the 
particles at the two energies. (The table may help you notice any algebraic errors 
that you have made.) 

5. Calculate the mass stopping power of a 20 MeV electron (ionization only) and a 
200 MeV proton in 28Si. 

6. An electron accelerator has a beam profile in the form of a 2 mm diameter circle 
uniformly illuminated by the beam. Make a crude plot of the value of the dose 
equivalent rate in the beam as the energy increases from 1 MeV to 10 GeV. The 
average beam current is 1 microamp (1 PA). Assume the beam profile is 
unchanged during acceleration. Compare with Swanson’s simple formula 
(“conservative” value) . Is his formula “conservative” above 100 MeV? (Hint: 
use Fig. 1.4.) 

7. Calculate the critical energy and length of material that corresponds to the 
radiation length for carbon and for lead. What does this say about the 
effectiveness of low-2 versus high-2 shielding materials for electrons? 
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8. 

9. 

10. 

11. 

12. 

13. 

A 100 MeV electron accelerator produces a 1.0 PA beam incident on a high-Z 
(thick) target. Estimate the bremsstrahlung absorbed dose rates at 8= 00 and 90° 
at r = 2 m from the target using Swanson’s rules of thumb. Compare the 00 result 
with the “in the beam dose equivalent rate” found in problem 6. How do the 
bremsstrahlung and in-beam dose rates compare? 

Suppose the Tevatron enclosure at Fermilab is converted into an enclosure for an 
electron synchrotron. The radius of the synchrotron is 1000 m. If the circulated 
beam is 1012 electron, calculate the median energy of the synchrotron radiation 
photons for Eo = 100 GeV. Also find ec of the “lobe.” 

For the accelerator of problem 8, calculate the neutron flux density at r = 2 m at 
large angles using the values in Table 1.3 for a high-Z (tungsten) target. Also use 
Table 1.3 to estimate the dose equivalent r = 2 m. Check this result by “guessing” 
the average neutron energy is l-10 MeV and use the curve in Fig. 1.5. Compare 
this neutron dose with the Bremsstrahlung dose at large angles obtained in 
problem 8. 

Calculate the muon fluence necessary to produce a dose equivalent of 1 mrem 
assuming a quality factor = 1 and that tissue is equivalent to water for minimum 
ionizing muons. (Hint: use Table 1.2.) Compare with the results given in Fig. 
1.4 for high energies. 

For a 20 GeV electron accelerator operating at 1 kW, the electron beam strikes a 
beam stop made of aluminum or iron. How long; (in z) does the beam stop have to 
be to range out all of the muons for either aluminum or iron based on the mean 
range? Compare the dose equivalent rates at the immediate downstream ends of 
each material if 10 % of the muons leak through due to stragging and multiple 
scattering can be neglected. (Assume the production of muons from Fe is 
approximately equal to that from Al. Recall the inverse square law.) 

One can use measurement results to check Sullivan’s formula for hadron fluence 
above 40 MeV for high-energy proton interactions. Check the agreement for the 
22 and 225 GeV/c data in Figs. 1.23 and 1.24 for 3 representative angles at one 
meter. (Ignore the fact that the formula is for hadrons > 40 MeV while the only 
data provided is for hadrons >35 MeV and 50 MeV but do not ignore the 
difference between normalizing to incident versus interacting protons.) (It is 
valid to make the comparison on yield per interacting proton since the results in 
Fig. 1.24 is for targets approximately 1 interaction length long.) Comment on the 
quality of the agreement. 
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14. 

15. 

16. 

a> 

b) 

Calculations can also be used to check the Tesch curve for dose equivalent at 0 = 
900 (Fig. 1.26). Use the 200 MeV calculations in Fig. 1.20 to do this by crudely 
numerically integrating the 600 < 6’ < 900 yields to determine the average energy 
of the neutrons and the total fluence at 8= 90’ and at 1 meter. Use the results 
along with dose equivalent per fluence curves to obtain the dose equivalent per 
proton to compare with Tesch’s result. (Iron is considered equivalent to copper 
for this problem.) 

Use Tesch’s curve in Fig. 1.26 to calculate the dose equivalent rate at 2 m and 8 = 
900 from a target struck by 1 l.tA of 100 MeV protons. Compare with the neutron 
dose rate calculated in problem 10 for an electron accelerator having the same 
intensity and beam energy and discuss. (Scale the relevant result of problem 10 
by the appropriate yield for copper vs. Tungsten.) 

It is often necessary to work from fragmentary data to determine other quantitites. 

Use McCaslin’s results and the appropriate dose equivalent/fluence to calculate 
the dose equivalent rate at 1 meter and at 8 = 300 for a target struck by 108 670 
MeV/amu 20Ne ions per sec. (Hint: Use all available spectrum information.) 

Use McCaslin’s results to obtain the total yield of neutrons per ion with En > 6.5 
MeV. Assuming the target to be iron or copper, how does this yield correspond to 
that due to 700 MeV protons? Do this for both En > 6.5 MeV and En > 20 MeV 
to understand the overall composition. Hint: Integrate over the unit sphere 
(double integral over spherical coordinates 8 & @ 

The following indefinite integrals are needed: 

I 
sinxdx x3 x5 x7 -=x--+--- + 

X 3*3! 5*5! 7*7! **- 

I 
emsinbxdx = eM [asinbx - b cosbx] 

a2 +b2 
The elemental area on the sphere of radius R is uIA = t-2 sin ed&qJ, where $ is the 
standard azimuthal coordinate in a spherical coordinate system. 
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